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Abstract 
 
Today, people use many electric devices, such as mobile phones and laptops, in our life. Not 
only that, hybrid electric vehicles are commercial and the need of electric vehicles is expected to 
increase. As the amounts of using these products are increased, portable electricity should be 
increased. Therefore, batteries which can store electricity are inevitable, especially secondary batteries.  
Among of rechargeable batteries, lithium ion batteries are receiving great attention because of its 
high energy density. Lithium ion batteries have high operating voltage compared to other batteries and 
show long cycle life.  
Graphite, carbon-based material, has been commonly used as anode for commercial lithium ion 
batteries. Graphite anode shows good stability in terms of cycle life. However, its relative low 
theoretical capacity of 372 mAh/g, is not enough for electric vehicle or energy storage system. 
Therefore, other new anode materials have been investigated for using in Li ion battery system, such 
as Li metal, Sn, Al, Sb and Si. Among of them, silicon has been studied extensively from many 
researchers because of its high gravimetric capacity and low operating voltage.  
However, Si anode has a serious problem for using as anode material, which is large volume 
expansion about 400%. Dramatic volume change causes serious capacity fade of Si anode, because 
volume expansion looses contacts between active materials and electrode, resulting in the mechanical 
instability.  
During cycling, electrolytes experience decomposition at cathode and anode. Especially, large 
electrolyte decomposition happens at anode because of its low operating voltage. Due to electrolyte 
decomposition, electrodes would be covered by surface film. This surface film is called by solid 
electrolyte interphase (SEI) layer. The SEI layer is important in battery system because SEI layer 
protects electrode from further electrolyte decomposition. Typically, graphite anodes make surface 
film at 0.5-0.7 V by ethylene carbonate (EC) decomposition, which is main component of electrolyte. 
This graphite SEI layer remains on the anode surface during cycling. It is one of the reason that 
graphite anode shows cycle stability.  
However, such SEI layer would be problem in the case of silicon anode. Due to large volume 
expansion, SEI layer of Si anode would be broken. Therefore, new active site would be disclosed and 
cause an increase in the side-reaction with electrolyte. During repeated cycling, lithium ions and 
electrons are consumed to make SEI layer. That is why Si anode experience serious capacity fade.  
Many researchers have tried to solve volume expansion of Si anode. Many approaches have 
focused changing morphology and reducing size of Si particles to buffer the mechanical stress caused 
by volume change. For example, porous structure provides space to accommodate volume expansion 
VI 
 
and nano-size particles better stand volume expansion compared to bulk structure. Another strategy is 
using coating layer. Coating layer is able to increase conductivity of electrode and inhibit direct 
contact electrolyte and active material.  
Other example is using electrolyte additives to make stable SEI layer. Because SEI layer is 
mainly formed by electrolyte decomposition, electrolyte additives are important materials for making 
stable SEI layer. Additives make SEI layer instead of organic solvents.  
Fluoroethylene carbonate (FEC) is known for effective additive to make stable SEI layer on the 
silicon anode. Then, we can expect that better cycle life of silicon anode can be obtained by using 
FEC as co-solvent instead of ethylene carbonate (EC), which is conventional solvent of liquid 
electrolyte. From the experiment result, better cycle retention and higher coulombic efficiency (>99%) 
are obtained.  
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Chapter 1 
 
Introduction 
 
1-1. Lithium-ion battery 
 
1-1-1. Demand on secondary battery  
 
Batteries are inevitable products in our life because the demand for IT (Information Technology) 
devices, such as cellular phones, digital cameras and laptops, are increased. Also, the market of 
electric vehicles (EV) and energy storage system would be expected to increase. All of these systems 
are based on batteries, especially rechargeable batteries. Hence, the development of advanced 
rechargeable batteries for longer operating time with higher safety is big issue in recent years. Besides 
batteries, fuel cells or capacitors have been investigated for new energy devices, but they are not as 
commercially available as batteries. Nowadays, rechargeable batteries, such as Ni-Cd, Ni-MH, and 
Li-ion batteries, have been studied intensively in the EV market. Particularly, Li ion batteries are 
expected to be used for EV due to its high energy and power density and lower self discharge (Fig. 1-
1).
1
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Figure 1-1. The power and energy density of various secondary battery used for EV 
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1-1-2. The overview of battery 
 
Battery is an application which can store energy as chemical energy and convert to electrical 
energy.
2
 This converting process is done by reduction and oxidation reaction at electrodes. Batteries 
have two electrical path ways, electrons and ions. Electrons pass through external electrical circuit 
and simultaneously ions move thorough electrolyte. Initial state of cell assembly, it does not have 
ability to make current flow because the potential difference between two electrodes is not enough. 
Therefore, the cell should be charged to make big potential difference between two electrodes. In 
charging process, ions and electrons move from cathode (positive electrode) to anode (negative 
electrode). In discharge, electrons and ions move the opposite direction of charging process.  
There are many kinds of batteries as depicted in Fig. 1-2. Among of batteries, fuel cell and solar 
cell are not batteries because they cannot store and convert energy but generate electrical energy. 
Chemical batteries can be divided to primary battery, fuel cell and rechargeable or secondary battery. 
Primary battery has only one opportunity to use but secondary battery can be used continuously by 
recharging like mobile phone batteries. Among of rechargeable batteries, Li ion battery has been 
received great attention because of its relatively high energy density. Commercial Li ion battery 
consists of intercalating compound electrodes, organic liquid electrolyte, and separators such as 
polypropylene and polyethylene. Li ion batteries have high operating voltage compared to other 
batteries such as lead-acid and Ni-MH batteries. Fig. 1-3 is schematic of Li ion batteries.
1
 Li ion 
polymer battery also use intercalating compound electrodes like Li ion battery but it uses gel polymer 
electrolyte instead of liquid electrolyte. Since gel polymer electrolyte acts as separator, separator is 
not needed for Li ion polymer battery. Representative intercalating compound electrodes are lithium 
cobalt oxide for cathode and graphite for anode. Li metal polymer battery uses lithium metal as anode 
material and it uses polymer electrolyte instead of liquid electrolyte due to safety.   
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Figure 1-2. Various kinds of batteries 
 
 
 
 
 
Figure 1-3. A schematic of commercial Li ion battery based on graphite (negative electrode) 
and LiCoO2 (positive electrode) 
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1-1-3. Components of lithium-ion secondary battery 
 
Batteries are composed of four main components, such as cathode, anode, separator, and 
electrolyte. In addition, safe devices are involved in a real battery system. In commercial Li ion 
battery, cathode like LiCoO2 is a source of lithium ions and anode like graphite is counter electrode of 
cathode. Separator inhibits physical contacts between cathode and anode. Lastly, electrolyte provides 
path to lithium ions between cathode and anode. 
The capacity and operating voltage of battery are almost determined by electrode materials as 
shown in Fig. 1-4.
2
 During the charging, the potential (vs Li
+
/Li) of cathode would increase while the 
potential (vs Li
+
/Li) of anode would decrease. The potential difference between cathode and anode in 
charged state become battery voltage. According to the cathode, the cell capacity would be decided 
because the specific capacity of cathode is not higher than anode until now. Table 1-1 shows the 
requirement of electrode in Li ion battery. In addition, conducting agents and binder are included in 
electrode. Conducting agents, usually carbon black, improve electronic conductivity of electrode and 
binder, usually polymer, holds active materials and conducting agents on the current collector. In Li 
ion battery system, the current collector for anode is copper and aluminum is used as current collector 
for cathode. 
Electrolytes provide pathway for Li ions while electrons move through the external circuit during 
charge and discharge. Electrolytes can be divided non-aqueous and aqueous electrolyte but aqueous 
electrolyte cannot be used for Li ion battery. Additionally, gel polymer and polymer electrolyte are 
used for Li ion battery system for improving battery safety. Non-aqueous electrolytes are composed of 
organic solvent and lithium salt.  
Separators are usually made of polyethylene or polypropylene. This component plays important 
role in safety issue because they could stop lithium ions pass by eliminating pores when increasing 
temperature of batteries, which was called thermal shutdown.    
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Figure 1-4. Voltage versus and capacity for various kinds of electrode materials in Li ion 
battery 
 
 
 
 
 Basic requirements for electrode materials 
1 Negative change in Gibbs Free energy when discharging for spontaneous reaction  
2 Low molecular weight and ability to accommodate many lithium ions 
3 Easy diffusion of lithium ions 
4 Stable cycle life  
5 Safety ( low toxicity) 
6 Easy to synthesize 
 
Table 1-1. Requirements for electrode materials in Li ion battery 
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1-2. Backgrounds for my research 
 
1-2-1. Electrolyte 
 
Electrolyte is one of important components in Li ion battery system. It plays two major roles, Li
+
 
ions migration and making surface layer. In the case of Li ion battery, electrolyte consists of lithium 
salt and non-aqueous solvent. Also, additives could be used for making surface layer. For improving 
performance, the electrolyte should have high ionic conductivity. The ionic conductivity of electrolyte 
is determined by viscosity and dielectric constant of solvent. For easier Li
+
 ion migration in 
electrolyte, the viscosity should be low. Also, higher dielectric constant, more lithium salts are 
dissociated by solvent. In other words, electrolyte should have low viscosity and high dielectric 
constant.    
There are many kinds of lithium salts such as LiClO4, LiBF4, and LiPF6 (Table 1-2).
3
 These salts 
are dissociated by solvent and the dissociated ions move to electrode under electric field in the battery. 
Among many kinds of salts, LiPF6 is commonly used in Li ion battery because it has better properties 
than other salts in terms of safety and ionic conductivity. Also, it has good solubility in alkyl 
carbonate solvents. 
In the case of solvent, alkyl carbonates are considered as best solvent for Li ion battery.
4
 These 
carbonate materials are divided to cyclic and linear carbonate by their molecular structure. Usually, 
the cyclic carbonate has high dielectric constant but its high viscosity lowers ionic conductivity of 
electrolyte. Therefore, the cyclic carbonate is used together with linear carbonate because linear 
carbonate has low viscosity. Ethylene carbonate (EC) and propylene carbonate (PC) are used as cyclic 
carbonate and dimethyl carbonate (DMC), diethyl carbonate (DEC), and ethylmethyl carbonate (EMC) 
are used as linear carbonate. Their molecular structures are shown in Fig. 1-5.
1
 
The standard solution that consists of alkyl carbonate solvent and LiPF6 has some drawbacks in 
Li ion battery system. The first one is low ionic conductivity below -15℃.5 Hence, this standard 
solution cannot be used at low temperature. The next problem is relatively high viscosity of 
electrolyte, which causes poor wettability of separators and electrodes. Other problem is related with 
LiPF6. LiPF6 generates HF when meeting trace of water and this generated HF attacks cathode 
material
6
 and SEI layer on the anode side.
7
 The HF attack is detrimental to Li ion battery, leading to 
severe capacity fade.  
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Table 1-2. Lithium salts used for Li ion battery 
 
 
 
 
Figure 1-5. Molecular structure of cyclic carbonate and linear carbonate 
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1-2-2. Surface layer 
 
Voltage of Li ion battery system is wide range so the electrolyte is easily decomposed because it 
is thermodynamically unstable at high potential or low potential. Today, positive electrodes which 
have high-operating voltage such as LiNi0.5Mn1.5O4 are used to get high energy of battery. However, 
the electrolyte cannot stand at high potential > 4.5V vs Li/Li
+
. Also, in the case of negative electrode 
such as graphite, the electrolyte would be decomposed under low potential. For example, the 
electrolyte experiences oxidation at positive electrode and reduction at negative electrode. This 
process is mainly occurred in first few cycles.   
The electrolyte decomposition products cover the electrode and make a passivation film by 
consuming Li
+
 ions and electrons. This surface layer is called by solid electrolyte interphase (SEI).
8
 
Since the SEI layer was mainly made by electrolyte, electrolyte compositions are important in making 
stable SEI layer. Usually, both lithium salts and solvents participate in forming SEI layer. The SEI 
layer has ionic conductivity but high electronic resistance. It plays important role in Li ion battery 
because it protects electrode from further electrolyte decomposition. Moreover, the SEI layer 
determines battery safety, rate capability and cycle life.
9
 
This SEI layer must be maintained and unchanged in its composition during cycling. In order to 
stand volume change of electrode, the SEI layer should be mechanically stable and flexible. Also, the 
layer should be homogeneous and thin in order to reduce overvoltage. In Li ion battery, it is very 
important that the SEI layer should have uniform morphology and chemical composition to ensure 
homogeneous current distribution. If current flows at locally, Li
+
 deposition may take place at specific 
area and it could cause dangerous situation like Li dendrite formation.    
 
1-2-3. Electrolyte additives 
 
To improve battery safety, electrolyte additives are wildly used in non-aqueous electrolyte. Also, 
the morphology and chemical composition of SEI layer could be changed by electrolyte additives. 
Adding small amount of additives into the electrolyte, usually less than 5 wt.%, is very effective way 
because it does not need to change major component of solvent or salt. A little amount of additives 
can dynamically change the SEI layer’s properties. For example, in the case of graphite, vinylene 
carbonate is well known for making flexible SEI layer on the surface of graphite by polymerization. 
Table 1-3 indicates the role of additives in Li ion battery.   
Molecular orbital energy is investigated to choice appropriate additives for positive or negative 
electrode. The molecular orbital energy could be divided to highest occupied molecular orbital 
(HOMO) and lowest unoccupied molecular orbital (LUMO). Usually, HOMO energy level is used to 
10 
 
choice additives for positive electrodes and LUMO energy level is for negative electrodes. High 
HOMO energy makes oxidation easier and the reduction reactions easily happen with lower LUMO 
energy. Since the SEI layer is formed by oxidation of additives for positive electrodes, the additives 
should have high HOMO energy. In contrast, the additives for negative electrodes must have lower 
LUMO energy because they experience reduction reaction to make SEI layer on the negative 
electrodes. Based on this screening process, trial and error could be reduced.    
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 Function of additives 
Performance - Formation of SEI layer on the electrode surface 
- Reduce irreversible capacity and gas generation for the SEI layer formation and 
long-term cycling 
- Enhance thermal stability of electrolyte 
- Protect cathode from dissolution and overcharge 
- Improve properties of electrolyte such as ionic conductivity, wettability of 
separator 
Safety - Lower flammability of electrolyte 
- Terminate battery operation when abusing condition 
 
Table 1-3. The role of additives in Li ion battery 
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Chapter 2 
 
Functional Electrolytes for Improving Electrochemical Performances 
of Carbon-Coated Porous Silicon Anodes in Lithium-Ion Batteries 
 
2-1. Introduction 
 
2-1-1. The need of new anode materials 
 
The requirement for high energy and power density is needed for high power or energy 
application such as electric vehicles although Li-ion battery has been well commercialized. Since Li 
metal has low operating voltage and high specific capacity, using Li metal as anode is one way to 
improve energy density of battery. However, Li metal could not be used in practice without any 
protection because it causes Li dendrite formation in liquid electrolyte. Therefore, commercial Li-ion 
battery uses graphite as anode (negative electrode) material in recent years 
Graphite has good properties such as long cycle life, rate capability, and thermal stability. 
However, its limited theoretical capacity, 372 mAh/g, is not enough for future battery market such as 
electric vehicles and energy storage system. Therefore, new anode materials which have higher 
theoretical capacities than graphite would be needed. There are some candidates for new anode 
materials such as Li metal, Sn, Al, Sb, and Si. Among of them, Si is thought to be promising anode 
material because it has high theoretical capacity around 3580 mAh/g (Li15Si7) and low operating 
voltage around 0.3-0.4 V versus Li/Li
+
. That is why many researchers have investigated Si anode in 
order to achieve Li-ion battery with high energy density.  
 
2-1-2. Problems of Si anode  
     
Si anode cannot currently be used as commercially practical anode material because it shows 
severe capacity fade, which means that it makes large irreversible capacities upon the cycling. The 
problem is mainly originated from volume expansion of Si active material around 400%. The reason 
of volume expansion is derived from lithiation mechanism of Si anode. Si has different lithiation 
mechanism from graphite, which is intercalation in the layered structure of graphene. As shown in Fig. 
2-1, Si reacts with lithium ions by alloying mechanism, causing to break Si bonding. Therefore, the 
13 
 
volume is increased after lithiation and the increased volume is slightly decreased after de-lithiation. 
This volume change is continuously occurred during the cycling. The volume expansion causes two 
major problems of Si anode. The first one is loss of active material. The repeated volume change 
disconnects electrical contacts between active materials, leading to take active materials from 
electrode. As a result, Si anode loses active materials which can be reacted with lithium ions. The 
second one is unstable solid electrolyte interphase (SEI) on the surface of Si electrode.
10
 As mentioned 
in chapter 1, the SEI layer is formed by electrolyte decomposition on the electrode’s surface and 
should maintain its structure during the cycling. However, in the case of Si anode, the surface of Si is 
dynamically changed due to volume expansion. That is why the SEI layer of Si anode cannot be 
remained upon the cycling as shown in Fig. 2-2. Hence, the unstable SEI layer is repeatedly formed 
and broken. It continuously consumes the limited Li
+
 sources and electrons, which makes large 
irreversible capacities and thick SEI layer on the Si.
11
 Due to these two problems, Si anode shows 
poor cycle life and the cell is eventually disabled. Not only that, Si has another problem of low 
electronic conductivity. 
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Figure 2-1. Schematic of Si volume change during lithiation and delithiation 
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2-1-3. Research trends 
 
Recently, to solve Si anode’s problems, various approaches have been tried such as size control, 
surface coating, composite material, changing binders,
12
 controlling cut-off voltage, and electrolyte 
additives. To accommodate large volume expansion and increase electronic conductivity, making 
nano-size materials like nanoparticles, nanotubes and nanowires
13
 (Fig. 2-2) is representative way. It 
is known that nano-size can better stand mechanical stress caused by volume expansion than bulk-size 
materials. However, the nano-size materials have disadvantage of low tap density that is very 
important in practical application of battery. The surface coating is another effective way to improve 
Si anode’s properties. Especially, carbon coating is widely used for increasing electronic conductivity 
of Si particles. In addition, it acts as buffer to volume expansion of Si active materials and prevents 
direct contacts between active materials and electrolyte. As a result, better SEI layer could be formed 
on the surface and decrease electrolyte decomposition. Since Si is limited to use as alone active 
material, composite, especially with carbon-based materials
14
, is a way to enhance performance of Si 
anode because composite materials act as buffer for volume change. New binders, such as 
carboxymethylcellulose sodium salt (CMC),
15
 poly(acrylic acid) (PAA),
16
 poly(vinyl alcohol) 
(PVA),
17
 and natural polysaccharide alginate,
18
 improve electrochemical performance of Si anode. 
Smaller cut-off voltage range could reduce volume change of Si particle and prevent the formation of 
the crystalline phase Li15Si4 which makes irreversible capacity. Lastly, adding additives into 
electrolytes can enhance properties of SEI layer. As mentioned in chapter 1, the characteristics of SEI 
layer could be changed by electrolyte composition. Therefore, electrolyte additives determine the SEI 
layer stability. There are some additives used for Si anode such as fluoroethylene carbonate (FEC)
19
, 
vinylene carbonate (VC)
20
, succinic anhydride (SA)
21
, tris(pentafluorophenyl)borane (TPFPB)
22
, and 
trimethoxy methyl silane
23
. 
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Figure 2-2. Schematic of Si nanowires’ morphological change 
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The characteristics of SEI layer on the Si anode are key parameters that influence 
electrochemical kinetics and interfacial stability. A SEI layer formed on the Si anode could have 
electrochemical stability and effectively mitigate continuous electrolyte decomposition by using the 
electrolyte additives. For example, VC is known for effective additive for Si anode as well as graphite 
anode. In the paper
20
, the SEI layer-originated by VC can prevent electrolyte decomposition, and 
therefore could be remained upon cycling. SA, other additive for Si anode, made stable SEI layer on 
the surface, so better cycle retention and higher coulombic efficiency could be obtained in Si thin 
film.
21
 In addition, both TPFPB
22
 and trimethoxy methyl silane
23
 additives can effectively prevent 
surface pulverization.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
18 
 
 
 
 
 
 
Figure 2-3. Molecular structure of electrolyte additives 
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In our study, FEC is major component to make stable SEI layer of Si anode. The effect of FEC 
for Si anode has been reported in several papers. Choi et al. described FEC additive positive effect for 
Si thin film anode.
19
 Also, Etacheri et al. introduced FEC effect for Si nanowire anode as co-solvent.
24
 
Improved performance by FEC-based electrolyte for Si nanoparticle anode was introduced by Lin et 
al.
25
 Nakai et al.
26
 and Nie et al.
27
 explained surface chemistry by FEC-based electrolyte. Like these 
papers, FEC is the most effective additive or solvent for Si anode. They commonly said that FEC 
made better SEI layer on the Si anode. FEC makes thinner and uniform SEI layer with reduced 
electrolyte decomposition, which contributes better cycle performance of Si anode.  
    Changing salts of electrolyte is another way to improve SEI layer properties. Choi et al. showed 
lithium bis(oxalate)borate (LiBOB) salt’s effect for Si thin film anode. They said that LiBOB-
originated SEI layer had less porous structure compared to LiPF6-originated SEI layer.
28
 Lithium 
bis(fluorosulfonyl)imide (LiFSI) salt improved cycle performance of Si anode with respect to LiPF6, 
as follow Philippe et al. They said that LiFSI showed better cycle performance than LiPF6 because 
LiFSI did not generate HF like LiPF6. The HF could be generated when LiPF6 meets trace of water. It 
is harmful for Li ion battery system because it attacks SEI layer and Si oxide surface layer. These 
layers protect Si from direct contact with electrolyte. Therefore, the HF attack eventually attributes to 
the capacity fade during the cycling.
29
 
 
2-1-4. Research object     
 
In this work, we aim to enhance cycling performance of Si anode by using FEC as a co-solvent. 
Porous structure of Si was used to reduce the effect of volume expansion and to make the solid state 
diffusion length much shorter, and to benefit the charge-transfer rate by high surface area.
30 Since the 
porous structure has high surface area, this leads to large electrochemical reaction with Li ions. In 
addition, carbon was introduced as coating layers to improve low electronic conductivity of Si (6.72 x 
10
-6
 S/cm). The carbon coating layer provided additional effects as follows. First, carbon coating acts 
as barrier between Si anode and electrolyte, so it can reduce electrolyte decomposition on the surface. 
Second, volume expansion could be suppressed by mechanical strength of carbon coating layer. As 
said in many papers, FEC additive influences to make stable SEI layer of Si anode, but it showed the 
limit of amount as additive. Therefore, FEC was used as co-solvent in my research and its 
performance was compared to ethylene carbonate (EC)-based electrolyte. To clarify difference 
between EC-based and FEC-based electrolytes, surface analysis was conducted, such as X-ray 
photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM) as well as 
electrochemical impedance spectroscopy (EIS). In addition, the research for FEC solvent’s effect was 
conducted at 60℃ as well as at 30℃. 
20 
 
2-2. Experiment 
 
2-2-1. Synthesis of carbon-coated porous Si 
     
    Porous Si was fabricated by bulk Si powder (5 um) with silver (Ag)-assisted chemical etching.
31
 
When bulk Si powders were immersed in a solution of 6 M hydrofluoric acid (HF) and 25 mM silver 
nitrate (AgNO3) at 50℃ for 12 hours, Ag deposition via a galvanic reaction and Ag-catalytic etching 
concurrently occurred to make porous structure. Fig. 2-4 shows SEM images of synthesized porous Si 
micropaticles having an average diameter around 5 um. Nitrogen adsorption (Brunauer-Emmett-Teller, 
BET) measurement revealed that the specific surface area of porous Si was 2.11 m
2
g
-1
 as followed Fig. 
2-5.  
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Figure 2-4. SEM images of porous Si. (b) Magnified SEM image of (a) 
 
 
 
 
Figure 2-5. BET results of porous Si particles 
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To make carbon coating on the porous Si surface, thermal decomposition process of toluene gas 
was conducted at 900℃ for 15 min.32 Elemental analysis indicated that the carbon contents was 8 
wt%. Fig. 2-6 shows SEM images of carbon-coated porous Si with porous Si. Through the EDX data, 
it was clear that carbon contents were increased after carbon coating. Also, the carbon coating layer 
was clearly seen in the SEM images. The cross-sectioned images were measured by transmission 
electron microscopy (TEM) as presented in Fig. 2-7. The dark region corresponds to carbon coating 
layer. The internal nanopores were uniformly coated by carbon as well as the surface. The average 
thickness of carbon coating layer was around 20 nm. To know the characteristics of carbon coating 
layer, Raman spectrum was obtained. In the Fig. 2-8, the sharp peak around 520 cm
-1
 matched 
crystalline Si. Also, disordered (D) and graphene (G) bands of carbon coating layer were seen in the 
Raman spectrum. The ratio of the D band to the G band was 2.1, which means that coating layer was 
amorphous carbon.
33
 In addition, X-ray diffraction (XRD) showed that carbon-coated porous Si had 
no additional crystalline structure after coating to porous Si (Fig. 2-9). The entire scheme was 
presented in Fig. 2-10.   
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Figure 2-6. SEM images of porous Si (a) and carbon-coated porous Si (b) 
 
 
 
Figure 2-7. TEM image of cross-sectioned carbon-coated porous Si 
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Figure 2-8. Raman spectrum of carbon-coated porous Si 
 
 
Figure 2-9. XRD patterns of porous Si and carbon-coated porous Si 
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Figure 2-10. Illustration of making carbon-coated porous Si 
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2-2-2. Electrochemical test 
 
The slurry mixture consisted of active materials (Si), super P (carbon black), and binder 
(70:20:10 in weight ratio) and casted on the copper foil having 18 um thickness. Binder was prepared 
by 50 wt.% poly(acrylic acid) (PAA (Mw=100,000), Aldrich), and 50 wt.% sodium carboxymethyl 
cellulose (CMC (viscosity 50-200 cP, 4 wt% in H2O)), Aldrich). To cross-link by condensation 
reaction, the electrode was dried under vacuum for 2 hours at 150℃. The Si electrode was not pressed 
to have proper porosity in order to stand volume stress and was spot-welded to the bottom of the coin 
cells. The polyethylene separator from Celgard 2400 and electrolyte from Soulbrain Co. LTD were 
used in the experiment. To investigate FEC effect, EC-based and FEC-based electrolytes were used 
with LiPF6 salt. Before making cells in the Ar-filled glove box ( < 1ppm of H2O), the electrodes was 
dried under vacuum oven for 2 hours at 110℃. 2016 coin-type half cells were made as Si electrode 
was working electrode and Li metal foil was counter electrode. Cells were assembled in an Ar-filled 
glove box and the completed 2016 cells aged for 1 hours at 45℃ and rested for 20 hours to fully wet 
electrodes into electrolyte. Electrochemical cell test from WonATech WBCS 3000 battery 
measurement system was performed by galvanostatic method and first lithiation and de-lithiation 
called pre-cycle were conducted by slow C-rate at a current density of 175 mA g-
1
 to give enough 
time for making SEI layer. The voltage cut-off range was from 0.005 V to 2 V vs Li/Li
+
. After pre-
cycle, cycle life was tested at a current density of 560 mAg
-1
 for 100 cycles at 30℃ and 60℃. 
Finished cells were carefully opened in a glove box to retrieve Si electrodes and the electrodes were 
rinsed by dimethyl carbonate (DMC) to remove residual salt and solvent. The washed cells were 
utilized for surface analysis and measuring thickness change.  
 
2-2-3. Analysis    
 
The crystalline structure of Si particle was measured by a high power XRD (Rigaku D/MAX) at 
2500kV. Raman spectrum was obtained from a JASCO spectrometer (NRS-3000) to characterize 
carbon coating layer on the porous Si. In order to investigate surface films, several tools were utilized 
such as SEM (Nanonova 230, FEI), ex-situ XPS, fourier transform infrared spectroscopy (FT-IR), and 
EIS. The XPS peak was calibrated by C-H bonding peak (285 eV). The surface and cross-sectional 
morphologies of the electrodes were measured with a field emission scanning electron microscope 
(FE-SEM; JEOL JSM-6700F). 
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2-3. Results and discussion 
 
2-3-1. Electrochemical test and surface analysis of porous Si anode 
    
Cycle life and coulombic efficiency of porous Si at 30℃ is shown in Fig. 2-11. Herein, two 
kinds of electrolytes were utilized, EC/EMC (3:7 vol.%) 1M LiPF6 and EC/EMC (3:7 vol.%) 1M 
LiPF6 5wt.% FEC. Porous structure was used to reduce volume stress, however severe capacity fade 
was appeared in electrolyte without FEC additive. Unstable SEI layer was formed mainly by EC and 
it continuously made irreversible capacities during the cycling. When adding FEC additive into the 
electrolyte, cycle retention was improved from 31.2 % to 48.2 % after 100 cycles. It was concluded 
that 5 wt.% FEC formed more stable SEI layer than EC, which contributed to improved cycle 
performance. However, the SEI layer derived by 5 wt.% FEC additive was not maintained upon the 
cycling, so capacity fade eventually took place in the electrolyte with 5 wt.% FEC. This was clearly 
manifested in the cycle coulombic efficiency. Higher coulombic efficiency above 98 % was obtained 
in the FEC additive-containing electrolyte until 40
th
 cycle. However, the cycle coulombic efficiency 
was gradually decreased after 40
th
 cycle. From the coulombic efficiency data, it was concluded that 
the amount of 5 wt.% FEC additive was not enough for long-term cycling. In the case of Si anode, 
FEC additive should continuously make SEI layer because volume expansion of Si particles broke 
surface films. 
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Figure 2-11. Electrochemical test of porous Si at 30℃ (a) cycle life, (b) coulombic efficiency 
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Surface analysis supported that 5 wt.% FEC was not enough for long-term cycling. Fig. 2-12 
presents SEM images of pristine and finished electrodes. Pristine electrode showed bulk porous Si 
particles and nano-sized super P particles. However, the morphology was much changed after 100 
cycles in both electrolytes. The pristine morphology could not be detected because SEI layer covered 
the Si electrode. Hence, bulk porous Si particles and super P did not appear after 100 cycles. Thick 
SEI layer was formed in the electrolyte without FEC additive. This is because EC continuously 
experienced reduction on the surface. That is why high oxygen concentration was detected through 
energy dispersive spectrometry (EDS). Electrolyte decomposition also took place in the FEC additive-
containing electrolyte. During the initial cycles, the SEI layer-originated by FEC additive might 
effectively maintain its structure, however it was broken by volume expansion and it was eventually 
formed by EC reduction because 5 wt.% FEC was not enough for making surface films during 100 
cycles. That is why SEI layer-derived by FEC additive-containing electrolyte had similar morphology 
with FEC-free electrolyte. Also, FEC additive-containing electrolyte showed high oxygen 
concentration because of large amount EC reduction.             
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Figure 2-12. SEM images of pristine (a), and electrodes after 100 cycles in without FEC additive 
(b), in with 5 wt.% FEC additive (c)  
31 
 
    Fig. 2-14 is C 1s spectra of XPS analysis including pristine, electrodes after pre-cycle and 100 
cycles. The C 1s spectrum of pristine electrode consisted of carbon black, CMC binder, and C-H 
bonding. C-H bonding (285 eV) is always detected in XPS analysis due to air contamination. After 
pre-cycle, there was no big difference between two electrolytes. Carbon black peaks was decreased in 
common. Also, new peaks was appeared such as C-O-C (286.5 eV), -O-C=O (288.5 eV), CO3
2- 
(290 
eV). Polyethylene oxide was formed in the SEI layer and 288.5 eV and 290 eV could be assigned to 
lithium alkyl carbonates and Li2CO3. These C 1s spectra were similar with those of graphite anode. 
Usually, the composition of SEI layer on the Si anode had similar properties with graphite anode 
because SEI layer was mainly formed by electrolyte decomposition. After 100 cycles, carbon black 
peak was disappeared in both electrolytes due to thick SEI layer. Since electrode was covered by SEI 
layer, carbon black or Si particle in electrodes was hardly detected after cycles. Li2CO3 (290 eV) peak 
was increased in both electrolytes and Li2CO3 was mainly formed by EC reduction. Therefore, it 
could be understood that the SEI layer in both electrolytes was made by EC solvent after 100 cycles. 
From C 1s spectra, 5 wt.% FEC additive did not much affect solvent decomposition, so similar C 1s 
spectra was obtained in both electrolytes.     
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Figure 2-13. C 1s spectra of XPS analysis; (a) pristine, (b) after pre-cycle without FEC additive 
and (c) with FEC additive, (d) after 100 cycles without FEC additive, (e) with FEC additive  
Binding Energy (eV)
280282284286288290292294296
In
te
n
s
it
y
 (
a
.u
.)
e) 
Binding Energy (eV)
280282284286288290292294296
In
te
n
s
it
y
 (
a
.u
.)
d) 
Binding Energy (eV)
280282284286288290292294296
In
te
n
s
it
y
 (
a
.u
.)
Carbon  
black 
 
C-H 
 
ether 
C-O-C 
ester 
-O-C=O 
carbonate 
-CO
3
2- 
c) 
Binding Energy (eV)
280282284286288290292294296
In
te
n
s
it
y
 (
a
.u
.)
Carbon  
black 
 
ether 
C-O-C 
ester 
-O-C=O 
carbonate 
-CO
3
2- 
b) 
Binding Energy(eV)
280282284286288290292294296
In
te
n
s
it
y
(a
.u
.)
Carbon  
black 
 C-H 
 
CMC 
binder 
 CMC 
binder 
 
a) 
33 
 
    Fig. 2-14 and Fig. 2-15 show F 1s spectra and P 2p spectra after pre-cycle and 100 cycles. In F 1s 
spectra, LiF (685 eV) and LixPFy or LixPFy (687 eV) were detected in both electrolytes. In the case of 
electrolyte without FEC additive, they came from LiPF6 salt decomposition. LiPF6 also participated in 
making surface films with solvent. After pre-cycle, the difference between two electrolytes is that high 
ratio of LiF/LixPFy was detected in FEC additive-containing electrolyte. This means that FEC additive 
made different SEI layer from FEC-free electrolyte after pre-cycle. LiF is representative component of 
FEC decomposition. However, FEC additive-containing electrolyte had similar spectrum with FEC-
free electrolyte, which had low ratio of LiF/LixPFy. From these spectra, it was clear that SEI layer 
derived by FEC additive could not be remained upon the cycling and it was formed by LiPF6 salt 
decomposition like FEC-free electrolyte. In P 2p spectra, phosphate (134 eV) and LixPFy (137 eV) 
were detected in both electrolytes after pre-cycle. They had high ratio of phosphate/LixPFy. Inorganic 
compound like LiF and phosphate gave strength to the SEI layer. After 100 cycles, low ratio of 
phosphate/LixPFy was found in both electrolytes. It indicates that both electrolytes experienced similar 
electrolyte decomposition, especially LiPF6 salt decomposition.    
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Figure 2-14. F 1s spectra of XPS analysis; (a) after pre-cycle without FEC additive and (b) with 
FEC additive, (c) after 100 cycles without FEC additive, (d) with FEC additive  
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Figure 2-15. P 2p spectra of XPS analysis; (a) after pre-cycle without FEC additive and (b) with 
FEC additive, (c) after 100 cycles without FEC additive, (d) with FEC additive 
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2-3-2. Electrochemical test of carbon-coated porous Si anode 
 
Porous Si anode showed poor cycle performance, especially electrolyte without FEC additive. To 
improve cycle performance, carbon-coating was introduced. Fig. 2-16 compared the cycle life and 
coulombic efficiency between porous Si and carbon-coated porous Si anode. Cycle retention until 100 
cycles was definitely improved by carbon coating in the same electrolyte from 8.7 % to 31.0 %. As 
said in above, carbon coating might enhance electronic conductivity of Si and prevent direct contact 
between electrode and electrolyte. Also, volume expansion could be suppressed by mechanical 
strength. That is why carbon-coated porous Si showed better cycle performance than porous Si anode. 
However, capacity fade still took place in carbon-coated porous Si and carbon coating layer seemed 
not to be maintained during the cycling due to volume expansion. This was evidenced by coulombic 
efficiency result, which showed low coulombic efficiency after 20 cycles in carbon-coated porous Si. 
The broken carbon coating layer had possibility to cause side-reaction with electrolyte and it might 
cause lower coulombic efficiency than porous Si anode. In summary, carbon-coating had positive 
effect for enhancing cycle life but it had still problem of stability. Like porous Si anode, FEC additive 
effect could also be expected in the carbon-coated porous Si anode. As expected, cycle retention was 
improved, from 31.0 % to 46.1 %, by 5 wt.% FEC additive until 100 cycles. It indicated that FEC 
additive also formed stable SEI layer on the carbon-coated porous Si. However, the coulombic 
efficiency result showed the limitation of additive amount. As mentioned in porous Si anode’s 
electrochemical test, 5 wt.% FEC was not enough for continuously making surface films during 100 
cycles. That is why coulombic efficiency gradually decreased after 40 cycles.    
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Figure 2-16. Electrochemical test of porous Si and carbon-coated porous Si at 30℃ (a) cycle life, 
(b) coulombic efficiency 
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2-3-3. Beneficial effects of FEC solvent for carbon-coated porous Si anode  
     
In the above chapter, the limitation of 5 wt.% FEC additive was clearly seen in porous Si and 
carbon-coated porous Si anode. In other words, extra FEC should exist for continuously making stable 
SEI layer. Therefore, FEC solvent could be more effective than FEC additive. In this chapter, FEC 
was used as solvent and its electrochemical result and surface analysis was compared with EC-based 
electrolyte to show FEC effect. In this chapter, EC/EMC 3:7 (vol.%) 1.3M LiPF6 and FEC/EMC 3:7 
(vol.%) 1.3M LiPF6 were used for carbon-coated porous Si anode. Fig. 2-17 presented pre-cycle result 
of carbon-coated porous Si anode. Discharge capacities (de-lithiation) were similar between two 
electrolytes and voltage profiles were almost same. From these results, we can know that FEC-based 
electrolyte did not make larger irreversible capacities than EC-based electrolyte. Fig. 2-18 was dQ/dV 
graph of carbon-coated porous Si during pre-cycle. Through the dQ/dV graph of pre-cycle, it could be 
found when the SEI layer was formed. SEI layer was mainly made by electrolyte solvent and the 
solvent experienced reduction reaction at low voltage. For example, EC is reduced on the graphite 
surface at 0.5 – 0.7 V and begin to make surface films. Also, additives for making surface films on 
anode are usually reduced at higher voltage than EC. These reductions appeared in dQ/dV graph as 
peaks. Since carbon layer was coated on the Si surface in my experiment, it could be expected that 
solvent was reduced on carbon layer and Si. As expected, two dQ/dV peaks were detected in both 
electrolytes. Peak at higher voltage was solvent reduction on carbon layer and peak at lower voltage 
was solvent reduction on Si as followed in Fig. 2-19. In the case of EC-based electrolyte, EC was 
reduced on carbon coating layer at 0.6 V and was reduced on Si at 0.25 V. Carbon coating had similar 
properties like graphite, so EC was reduced at 0.6 V. Since Si had lower conductivity than carbon, 
reduction peak at Si appeared at lower voltage than carbon. In the case of FEC-based electrolyte, FEC 
had lower LUMO energy, which means that FEC was easily reduced by accepting electrons. That is 
why FEC-containing electrolyte shower peaks at higher voltage than EC-containing electrolyte. Like 
EC-containing electrolyte, FEC-containing electrolyte showed two peaks that are reduction peak at 
carbon coating (0.8 V) and Si (0.3 V). From dQ/dV graph, it could be found that EC-based electrolyte 
and FEC-based electrolyte made surface films by reduction.   
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Figure 2-17. Pre-cycle result of carbon-coated porous Si anode 
 
 
 
 
 
 
Figure 2-18. dQ/dV graph of carbon-coated porous Si anode during pre-cycle 
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Figure 2-19. Scheme of forming SEI layer on carbon-coated porous Si  
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Fig. 2-20 showed cycle life and coulombic efficiency upon cycling at 30℃. As showed in cycle 
life, FEC-based electrolyte had better cycle retention after 100 cycles about 79 %, but EC-based 
electrolyte had cycle retention about 31 %. Also, higher coulombic efficiency was obtained in FEC-
based electrolyte. From electrochemical result, FEC solvent definitely showed better cycle 
performance due to stable SEI layer-derived by FEC. Coulombic efficiency was not decreased after 
40 cycles in FEC-based electrolyte, which took place in electrolyte with 5 wt.% FEC. This means that 
SEI layer was maintained during the cycling because extra FEC could continuously make SEI layer. 
In other words, SEI layer formed in initial cycles existed after 100 cycles. In addition, electrochemical 
test of carbon-coated porous Si was conducted at 60℃to investigate if FEC solvent also improve 
cycle performance at high temperature. As seen in Fig. 2-21, FEC-containing electrolyte showed 
better cycle retention than EC-containing electrolyte. Also, higher coulombic efficiency was obtained 
in FEC-containing electrolyte as same result with 30℃. It was concluded that FEC solvent formed 
stable SEI layer at high temperature as well as room temperature.  
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Figure 2-20.Electrochemical test of carbon-coated porous Si at 30℃in EC-based and FEC-based 
electrolytes (a) cycle life, (b) coulombic efficiency 
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Figure 2-21.Electrochemical test of carbon-coated porous Si at 60℃in EC-based and FEC-based 
electrolytes (a) cycle life, (b) coulombic efficiency 
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    Fig. 2-22 is SEM images of carbon-coated porous Si anode in EC- and FEC- based electrolytes 
after 100 cycles, including morphology and cross-sectional images. By cross-sectional images, the 
thickness of electrodes could be known. The thickness of Si anodes was usually increased by volume 
expansion and electrolyte decomposition. EC-based electrolyte did not show any pristine morphology 
because the electrode was entirely covered by SEI layer. In addition the thickness of electrode in EC-
based electrolyte was increased from 17 um to 86 um, about 400 % increase. On the other hand, the 
electrode in FEC-based electrolyte also showed increased thickness from 17 um to 51 um, about 200 % 
increase, but its increase was smaller than thickness of EC-based electrolyte. In other words, relatively 
thin SEI layer was formed in FEC-based electrolyte, so micro-sized Si particles were still discerned 
after 100 cycles. Beside the surface morphology of the Si electrode, EDS analysis was conducted to 
investigate surface atomic percentage. As shown in Fig. 2-23, the SEI layer was composed of carbon 
(C), oxygen (O), fluorine (F), phosphorous (P), and Si elements, which are representative elements of 
SEI layer. In the case of EC-containing electrolyte, the P and F signals are attributed to the products 
formed by LiPF6 salt decomposition. The EDS spectrum for the surface of the Si anode cycled in the 
FEC-based electrolyte clearly showed a more pronounced peak corresponding to F element compared 
to EC-based electrolyte. It was thought that the FEC-derived SEI layer contained abundant F element. 
On the other hand, the carbon-coated porous Si anode cycled in the EC-based electrolyte showed a 
more pronounced O signal relative to the Si signal. This implies that electrolyte decomposition 
continuously occurred and resulted in the formation of thick SEI layer on the carbon-coated porous Si 
anode. On the contrary, the carbon-coated porous Si anode cycled in the FEC-based electrolyte 
presented strong Si signal relative to other elements. This result showed the importance of the SEI in 
suppressing the large Si volume change upon cycling. 
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Figure 2-22. Morphology and cross-sectional SEM images of carbon-coated porous Si (a),(b) 
electrodes before cycles, (c),(d) electrodes after 100 cycles in EC-based electrolyte, (e),(f) 
electrodes after 100 cycles in FEC-based electrolyte   
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Figure 2-23. EDS spectra of (a) carbon-coated porous Si anode before cycle.(b) carbon-coated 
porous Si anode cycled in EC/EMC/1.3M LiPF6 during 100 cycles. (c) carbon-coated porous Si 
anode cycled in FEC/EMC/1.3M LiPF6during 100 cycles.  
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The electrochemical impedance measurements of the carbon-coated porous Si anodes after 100 
cycles were carried out to understand the influence of FEC on the impedance associated with Li
+
 
migration across the SEI and the resistance for the faradaic charge transfer reaction at low frequency. 
Fig. 2-24 presents the contribution to the cell impedance from the SEI layer. EC-based electrolyte 
showed large impedance indicating difficulty of migration of Li
+
 ions through thick SEI layer and 
charge transfer reaction. On the contrary, the total resistance including electrolyte resistance was 
drastically reduced from 201  to 29.6 with use of the FEC-based electrolyte. It was reported that 
FEC can reduce the interfacial resistance of the lithium metal anode with a PC-based electrolyte.
34
 
Note that the reductive decomposition of FEC leads to SEI layer formation with unique morphology 
and surface chemistry, as seen in Fig. 2-25. Therefore, it can be confirmed that the FEC-originated 
SEI layer permits the reversible migration of Li
+
 ions through it and effectively mitigates the 
electrolyte depletion by its decomposition during cycling. 
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Figure 2-24. Cole-cole plots of the carbon-coated porous Si anodes in EC- and FEC-based 
electrolytes after 100 cycles at 30
o
C 
 
 
 
 
 
Figure 2-25. Schematic view for electronic conduction in Si anodes with a different SEI 
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To understand the effects of FEC on first Li insertion and extraction processes, the surface 
chemistry of porous Si anodes with and without FEC after first cycle were investigated by XPS. The 
peak corresponding to SiOxFy and Si-F was not found in EC/EMC/ 1.3M LiPF6, but it appeared at 107 
eV for the FEC/EMC/ 1.3M LiPF6 electrolyte (Fig. 2-26a).
35
 FEC could decompose into VC by HF 
elimination, as illustrated in Fig. 2-26b.
36
 The resulting HF attacks the Si-Si network and SiO2 native 
layer and this leads to the formation of Si-F, indicating the loss of active sites and SiOxFy, which 
electrochemically stores Li
+
 ions. Moreover, the carbon-coated porous Si anodes cycled in the FEC-
based electrolyte showed relatively weak peak corresponding to Si-F and SiOxFy species (Fig. 2-27). 
The effects of FEC on the surface chemistry of carbon-coated porous Si anodes were confirmed by a 
comparison of the XPS spectra measured from the anodes cycled in EC/EMC/1.3M LiPF6 and 
FEC/EMC/1.3M LiPF6 electrolytes during 100 cycles. Considering the potentials at which the Si host 
alloys with Li
+
 ions, electrolyte components, especially carbonates, will be reduced into species that 
are structurally similar to those identified on graphitic anodes. The C 1s XPS spectrum obtained from 
the anodes cycled in EC/EMC/1.3M LiPF6 show four major peaks (Fig. 2-26c): carbon bonded to 
hydrogen (CHx; 285 eV), carbon singly bonded to oxygen (–C–O–C; 286.5 eV), carbon of carboxyl 
(O–CO; 288.5 eV), and carbonate (O-CO2-; 290 eV). Even at room temperature, the LiPF6 undergoes 
an equilibrium, i.e., LiPF6 (sol.) ↔ LiF (s) + PF5 (sol.) in solvents. The strong Lewis acid PF5 tends to 
initiate ring opening polymerization of EC and the resulting polymers with carbon bonded to 
hydrogen (–CHx-) and ether linkages (–C–O–C) became one of the main constituents of the EC-
derived SEI layer.
37
 This reaction mainly occured in the EC-based electrolyte and thereby a 
pronounced peak corresponding to carbon bonded to hydrogen appeared at 285 eV relative to the 
FEC-based electrolyte. In the case of FEC-based electrolyte, ether linkages (–C–O–C) may be 
produced by the reaction between EMC and PF5.
3
 Labile P–F bonds are highly susceptible to 
hydrolysis even if trace amounts of moisture are present in the electrolyte solution, i.e., LiPF6 (sol.) + 
H2O → POF3 (sol.) + LiF (s) + 2HF (sol.) and PF5 (sol.) + H2O → POF3 (sol.) + 2HF (sol.). The 
resulting HF reacts with Li ions to form LiF as the SEI layer components and the carbon-coated 
porous Si anode cycled in the EC-based electrolyte showed a peak attributed to LiF at 685 eV (Fig. 2-
26e). A noticeable feature for the carbon-coated porous Si anode cycled in the FEC/EMC/1.3M LiPF6 
electrolyte was the appearance of carbon singly bonded to fluorine (C–F) at 292 eV attributed to 
fluorine-containing polymer-like species (n-CF2 or n-CH2CF2-) produced by the FEC decomposition 
and the reaction between SiF6
2-
 and n-CH2 (Fig. 2-26d).
26
 Fig. 2-26e and f show the F 1s spectra for 
the carbon-coated porous Si anodes after 100 cycles. The F 1s spectra of Fig. 2-26f show that the peak 
intensity assigned to LiF at around 685 eV drastically increased when the anode was cycled in the 
FEC-based electrolyte. These results are persuasive evidence that FEC produced a SEI layer on the Si 
anode and effectively suppressed further decomposition of the electrolyte.  
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Figure 2-26. (a) Si 2p XPS spectra of porous Si anodes after first cycle in EC- and FEC-based 
electrolytes. (b) schematic drawing of the surface chemistry of a porous Si micro-particle 
without carbon coating layers by the HF attack generated from FEC reduction. (c) C 1s XPS 
spectra of carbon-coated porous Si anodes after 100 cycles at 30
o
C in EC/EMC/1.3M LiPF6. (d) 
C 1s XPS spectra of carbon-coated porous Si anodes after 100 cycles at 30
o
C in FEC/EMC/1.3M 
LiPF6. (e) F 1s XPS spectra of carbon-coated porous Si anodes after 100 cycles at 30
o
C in 
EC/EMC/1.3M LiPF6. (f) F 1s XPS spectra of carbon-coated porous Si anodes after 100 cycles at 
30
o
C in FEC/EMC/1.3M LiPF6. 
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Figure 2-27. Si 2p XPS spectra of porous Si anodes with and without carbon coating layers 
before and after first cycle at 30℃ 
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    The carbon-coated porous Si anode cycled in EC-based electrolyte and FEC-based electrolyte 
was measured by FT-IR. Through FT-IR spectra, surface layer constituents formed by solvent are 
confirmed, especially organic compounds. Fig. 2-28 shows FT-IR results of the surface films formed 
on the carbon-coated porous Si anodes at 30℃. Similar spectra were obtained but some differences in 
the SEI layer species made in different electrolytes were found from FT-IR spectra. The SEI layers of 
both electrolytes commonly contained Li2CO (1410 cm
-1
) and ROCO2Li (1350, 1620 cm
-1
) species. 
These species were also found in C 1s XPS spectra. However, FEC-based electrolyte had additional 
polycarbonate peaks at around 1820 cm
-1
. FEC changed to VC by HF elimination as illustrated in Fig. 
2-26b. The VC made the polycarbonate components by polymerizing via its double bond and the 
species provided flexibility to the SEI layer. As a result, the SEI layer formed by FEC was more 
stable than those formed by EC during 100 cycles.         
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Figure 2-28. FT-IR spectra of carbon-coated porous Si anode after 100 cycles 
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    Since ionic conductivity of electrolyte affect electrochemical performance, we measured ionic 
conductivity of EC-based electrolyte and FEC-based electrolyte. Through ionic conductivity 
measurement, it could be known how ionic conductivity relates to the electrochemical test results. 
Table 1-4 shows dielectric constant and viscosity of EC, FEC, and EMC as well as ionic conductivity 
of EC-based and FEC-based electrolyte. As said in above, ionic conductivity is determined by kind of 
lithium salts and solvents. Especially, the dielectric constant and viscosity of solvent mainly affect 
ionic conductivity. To successfully dissociate and solvate Li
+
 ions, dielectric constant should be high 
and viscosity should be low for faster Li
+
 ions movement in electrolyte. In other words, dielectric 
constant of organic solvent should be high and viscosity should be low in order to get high ionic 
conductivity. Usually, cyclic carbonate has high dielectric constant and high viscosity, while linear 
carbonate has low dielectric constant and low viscosity. In table 1-4, it was clearly confirmed that EC 
and FEC have higher dielectric constant and viscosity than EMC. EC-based electrolyte has higher 
ionic conductivity than FEC-based electrolyte. This is because FEC has higher viscosity and lower 
dielectric constant than EC. Although FEC-based electrolyte has lower ionic conductivity than EC-
based electrolyte, FEC-based electrolyte showed better cycle performance. Then, it is concluded that 
making stable SEI layer is more important factor for improving cycle performance of Si anode than 
ionic conductivity.            
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 EC FEC EMC 
Dielectric 
constant 
89.6 78.4 2.93 
Viscosity 
@ R.T (cP) 
1.9 @ 40℃ 4.1 0.65 
 
 
 EC/EMC / 1.3M LiPF6 FEC/EMC / 1.3M LiPF6 
Ionic 
conductivity 
8.53 x 10
-3
 S/cm @ R.T 7.99 x 10
-3
 S/cm @ R.T 
 
Table 1-4. Dielectric constant, viscosity, and ionic conductivity 
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    It is clear that FEC solvent is more effective for carbon-coated porous Si anode than EC solvent. 
Also, using FEC as a co-solvent can overcome the limit of amount of additives so high coulombic ( > 
99%) efficiency could be remained during cycling. Using FEC as a co-solvent for Si anode seems to 
be good decision. However, FEC could not be used as a co-solvent in real-system. This is because 
FEC generates excess HF while FEC changes to VC, as seen in Fig. 2-26b. Since LiPF6 salt also 
makes HF when meeting trace amounts of water, HF formed from FEC may cause severe side 
reaction in full-cell. First, HF attacks SEI layer on both electrodes, so long cycle-life could not be 
obtained. The other problem is that HF causes severe Mn dissolution in cathode side. Today, 
LiNi0.5Mn1.5O4 cathode has been intensively investigated to get high energy density of Li ion battery. 
This cathode material has advantage of high operating voltage but Mn dissolution is a big problem. 
The Mn dissolution is caused by several factors such as Jahn-Teller distortion and HF attack. Due to 
HF attack, Mn
2+
 is dissolved into electrolyte and it migrates to anode side and makes side reactions 
with anode. In this case, excess FEC solvent could not be used although it makes stable SEI layer on 
the Si anode. In the future, these problems should be solved. Recently, HF scavengers have been 
introduced as electrolyte additives. These electrolyte additives would be expected to reduce side 
reactions of HF.   
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2-4. Conclusion 
 
In summary, we have demonstrated that the formulation of carbon coating layers and a FEC-
based electrolyte improves the cycling performance of Si anodes. Carbon coating layers are essential 
to provide good electronic conductivity and to inhibit unwanted electrolyte decomposition. 
Furthermore, intriguing effects of FEC on the chemical structure of the SEI layer composed of LiF 
and volume expansion of carbon-coated porous Si anodes were clearly demonstrated by XPS analyses 
and SEM observations after cycling.  
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